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Introduction {#sec006}
============

During pregnancy, uteroplacental blood flow increases significantly to allow the normal growth of the fetus. Reduced blood flow to the uteroplacental unit is observed in gestational diseases such as fetal growth restriction and preeclampsia, with serious consequences for pregnancy outcome. Estrogens may modulate uteroplacental vascular function since its plasma concentrations increase significantly during pregnancy, and an effect on vascular tone has been documented in many experimental and clinical contexts \[[@pone.0141997.ref001]\]. Estrogens act on the vasculature via three different receptors: the two classical nuclear estrogen receptors, ERα and ERβ, function traditionally as ligand-activated nuclear transcription factors \[[@pone.0141997.ref002]\], while a third membrane estrogen receptor termed G-protein coupled estrogen receptor (GPER, formerly GPR30) was recently identified as an orphan 7-transmembrane G protein-coupled receptor \[[@pone.0141997.ref003]--[@pone.0141997.ref007]\]. In the last decade, several studies have shown that GPER \[[@pone.0141997.ref008],[@pone.0141997.ref009]\] mediates the action of estrogens and estrogen-like compounds in diverse pathophysiological conditions \[[@pone.0141997.ref010]--[@pone.0141997.ref015]\]. In addition, using the specific GPER agonists and antagonists namely G1 \[[@pone.0141997.ref016]\] and G15 \[[@pone.0141997.ref017]\], respectively, several studies have shown that GPER plays a role in the nervous, immune, reproductive and vascular systems \[[@pone.0141997.ref018]\]. The potential vascular relevance of GPER function was first observed in human vascular endothelial cells, in which flow (shear stress) induced its expression \[[@pone.0141997.ref007]\]. GPER is also expressed in both endothelial and smooth muscle cells throughout the cardiovascular system \[[@pone.0141997.ref019]--[@pone.0141997.ref021]\]. Although several vessel types have been assessed \[[@pone.0141997.ref022]--[@pone.0141997.ref024]\], GPER has not been investigated in the uterine vasculature, which supplies blood flow to the uterus and placenta and plays a crucial role in providing sufficient blood for normal placental exchange \[[@pone.0141997.ref025]\].

In this study we ascertained that GPER is expressed in the uterine circulation, its activation triggers a vasoactive effect primarily through the NO-cGMP signaling system in uterine arteries and that its effects may be altered during pregnancy.

Material and Methods {#sec007}
====================

Animals {#sec008}
-------

All experiments were conducted in accordance with the European Guidelines for the care and use of laboratory animals (Directive 2010/63/EU) and were approved by the local ethical committee of the University of Calabria. Surgery was performed under anesthesia to minimize pain and suffering. Female Sprague-Dawley rats were purchased from Harlan Laboratories (Italy). All animals were housed under controlled conditions on a 12-hour light/dark cycle and provided commercial chow and tap water *ad libitum*. Experiments were performed on age-matched pregnant and non-pregnant animals at 12--15 weeks of age. Pregnant animals were obtained by placing a female in proestrus with a fertile male overnight; detection of spermatozoa using a vaginal smear on the following morning was used to confirm day 1 of pregnancy. Animals were euthanized with inhalation of Diethyl ether followed by decapitation, the uterus was removed and uterine arteries were dissected free from connective and adipose tissue for subsequent experimentation.

Pressure myography {#sec009}
------------------

Radial uterine arteries were obtained from non pregnant (NP) and pregnant animals (P) at 14 days of gestational age, i.e. approximately one week before term. Arterial segments (1--2 mm long) were transferred to the chamber of a small-vessel arteriograph. One end of the vessel was tied onto a glass cannula and flushed of any luminal contents by increasing the pressure before securing the distal end onto a second cannula using a servo-null pressure system (Living Systems Instrumentation). All vessels were continuously superfused with HEPES-physiological saline solution (HEPES-PSS) at 37°C, pressurized to 50 mmHg, and equilibrated for 45 min before beginning experimentation. Lumen diameter was measured by trans-illuminating each vessel segment and using a video dimension analyzer (Living Systems Instrumentation) in conjunction with data-acquisition software (Ionoptix) to continuously record lumen diameter.

Following equilibration, all vessels were pre-constricted with phenylephrine (0.1--1μM) to produce a 40--50% reduction in baseline diameter \[[@pone.0141997.ref026]\]. Once constriction was achieved and stable for about 10 minutes, the specific agonist of GPER, 1-(4-(-6-Bromobenzol(1,3)diodo-5-yl)3a,4,5,9b-tetrahidro-3Hcyclopenta(c-)quinolin-8yl)ethanone (G-1), dissolved in DMSO to prepare a stock solution of 1 mg/ml was added at a concentration of 10^−12^ ÷10^−6^ M. In some arteries the endothelium was removed (denuded artery) mechanically by hair and air perfusion, and the effectiveness of denudation confirmed by the lack of dilation to acetylcholine (10^−5^ M). Additional pharmacological experiments were carried out using the following inhibitors: 1) (3a*S*\*,4*R*\*,9b*R*\*)-4-(6-Bromo-1,3-benzodioxol-5-yl)-3a,4,5,9b-3*H*-cyclopenta\[*c*\]quinoline (G-15, 10^-5^M) a specific antagonist of GPER; 2) N-nitro-L-arginine (L-NNA, 10^-4^M) + Nω-nitro-L-arginine methyl ester (L-NAME, 10^-4^M) for NOS and 3) ODQ (10^-5^M) for guanylate cyclase and 4) Paxilline (10^−5^ M) for BK~Ca~ channels. Vessels were pre-incubated with inhibitors for 20 minutes before pre-constriction with phenylephrine and addition of G1.

Western blotting {#sec010}
----------------

Frozen uterine arteries from non pregnant and pregnant rats were powdered with a mortar and homogenized in 50 mM Hepes solution, pH 7.4, containing 1% (v/v) Triton X-100, 4 mM EDTA, 1 mM sodium fluoride, 0.1 mM sodium orthovanadate, 2 mM PMSF, 10 mg/ml leupeptin and 10 mg/ml aprotinin. In order to increase the amount of tissue for accurate measurements, uterine arteries from two rats were pooled. Homogenates were centrifuged at 13,000 rpm for 10 min and protein concentrations in the supernatant were determined according to the Bradford assay. Tissue lysates (40 μg of protein) were electrophoresed through a reducing SDS/10% (w/v) polyacrylamide gel and electroblotted onto a nitrocellulose membrane. After the transfer, the membranes were stained with Red Poinceau to confirm equal loading and transfer. Membranes were blocked and incubated with primary polyclonal IgG antibody GPER (N-15), β-tubulin (H-235-2) and appropriate secondary HRP-conjugated antibodies, all purchased from Santa Cruz Biotechnology (DBA, Milan, Italy). The levels of proteins were detected with horseradish peroxidase-linked secondary antibodies, and revealed using the Enhanced Chemiluminescence system (GE Healthcare, Milan, Italy).

Drugs and Solutions {#sec011}
-------------------

The HEPES-PSS contained the following (in mmol/L): sodium chloride 141.8, potassium chloride 4.7, magnesium sulfate 1.7, calcium chloride 2.8, potassium phosphate 1.2, HEPES 10.0, EDTA 0.5, and dextrose 5.0. All drugs tested were administered from stock solutions prepared daily, except for G1 and G15 where the stock solutions were frozen in small aliquots. G1 and G-15 were purchased from TOCRIS, distributed by R&D Systems (Milano, Italy), all the other chemicals were purchased from Sigma-Aldrich, Fisher Scientific, Cayman Chemical Co. unless otherwise specified.

Statistical analysis {#sec012}
--------------------

Vasodilation to G1was expressed as percent of maximally-relaxed diameter which was determined at the end of each experiment by the addition of a relaxing HEPES-PSS solution contining diltiazem (10 μM) + papaverine (100 μM). Data are expressed as means ± SEM, where n is the number of arterial segments studied. The n values refer to both number of vessels and number of animals. A normal distribution for all datasets was confirmed by Kolmogorov_Smirnov test, and differences in responses between groups were determined with two-way ANOVA for repeated measures analysis. Differences were considered significant at P ≤ 0.05.

Results {#sec013}
=======

Phenylephrine is a potent vasoconstrictor of radial uterine arteries from NP and P rats as showing in the traces A and C respectively in [Fig 1](#pone.0141997.g001){ref-type="fig"}. Phenylephrine hold stable the constriction of the vessels for enough time necessary to observe clearly the action of the G1 showed in traces B and D respectively for NP and P. Several experiments were done and the data were summarized in [Fig 1E](#pone.0141997.g001){ref-type="fig"} that suggested G1, tested in the range (10^-12^--10^-6^M), induced vasodilation in a concentration-dependent manner in preconstricted radial uterine arteries from both NP and P rats. The vasodilation was significantly greater in vessels from P vs NP rats with a maximal efficacy of 97,8 ± 2,5% in P vs 66,5 ± 3,7% in NP; p\<0.001 ([Fig 1](#pone.0141997.g001){ref-type="fig"}). Also GPER protein expression was significant higher in uterine artery from P rat vs NP with a p\< 0.05 ([Fig 2](#pone.0141997.g002){ref-type="fig"}). The vasodilatory effect of G1 was almost entirely abolished in presence of the specific GPER antagonist, G15, as evidenced by an approximately 80% of reduction from 90,7 ± 2.6% (G1) to 18,2 ± 2.4% (G1 + G15), p\<0.001([Fig 3](#pone.0141997.g003){ref-type="fig"}). To understand the mechanism underlying the G1-induced vasodilation in radial uterine artery, several pharmacological experiments were carried out and the results shown that G1 vasodilation (90,7± 2.6%) was abolished by the inhibition of nitric oxide production (2,5±2,5%; p\< 0.001) and also in denuded artery (6,6 ± 2,2%; p\<0.001), [Fig 4](#pone.0141997.g004){ref-type="fig"}. Further, a significant reduction was observed by the inhibition of cGMP (23,1± 2,1%; p\<0.001), while the inhibitor of BK channels (paxilline) did not affect the G1-induced vasodilation ([Fig 5](#pone.0141997.g005){ref-type="fig"}).

![Concentration-response curves to G1 vasodilation in pressurized uterine radial arteries from non-pregnant (NP) vs. pregnant (P) rats.\
Uterine arteries were constricted with phenylephrine and then treated with the GPER agonist G1 at different concentration. An example of experimental records are showed in trace A and B for NP rat and in traces C and D for P rat. The Vasodilation of G1 was summarized in E and is expressed as a percentage of maximal relaxation (max) obtained in presence of papaverine and diltiazem. Data are reported as mean ± SEM; n indicates number of experiments. \*\*\*p \<0.001.](pone.0141997.g001){#pone.0141997.g001}

![GPER expression in uterine radial arteries from nonpregnant and pregnant rats. Western blot showing.\
GPER protein expression in uterine arteries homogenates from non-pregnant (NP) and pregnant (P) rats. Side panel shows densitometric analysis of the blot normalized to β-tubulin. Percentage changes were evaluated as mean ± SEM of 3 experiments for each group. °p \< 0.05 for the expression in P vs NP.](pone.0141997.g002){#pone.0141997.g002}

![Effect of the specific GPER antagonist, G15, on G1 vasodilation in uterine radial arteries from pregnant rats.\
Inhibition of G1 (10^-7^M; n = 8) induced vasodilation of uterine arteries from pregnant rats by the GPER-specific antagonist G15 (10^-5^M, G1 ± G15, n = 5). Vasodilation is expressed as a percentage of maximal relaxation (% max) measured in a relaxing solution containing papaverine and diltiazem. Data are reported as mean ± SEM. \*\*\*p\<0.001.](pone.0141997.g003){#pone.0141997.g003}

![Effects of NOS inhibition and endothelial denudation on G1 vasodilation in uterine radial arteries from pregnant rats.\
G1 (10^−7^ M) was tested on intact radial uterine arteries in absence (Control, n = 8) vs. the presence of the nitric oxide synthase inhibition using a combination of L-NNA+L-NAME (n = 5). G1 was also tested on radial uterine arteries without endothelium (Denuded, n = 5). Vasodilation is expressed as a percentage of maximal relaxation (max) in papaverine and diltiazem. Data are reported as mean ± SEM. \*\*\*p\<0.001.](pone.0141997.g004){#pone.0141997.g004}

![Effects of guanylate cyclase and BK~Ca~ channel inhibition on G1 vasodilation of rat uterine radial arteries.\
G1 (10^−7^ M) was tested on radial uterine arteries in absence (Control, n = 8) vs. presence of guanylate cyclase (ODQ, 10^-5^M, n = 5) or BK~Ca~ channel (paxilline 10^-5^M, n = 5) inhibition. Vasodilation is expressed as a percentage of maximal response (max) obtained in papaverine and diltiazem. Data are reported as mean ± SEM. \*\*\*p\<0.001.](pone.0141997.g005){#pone.0141997.g005}

Discussion {#sec014}
==========

There were four principal findings in this study: 1) GPER activation with G1 induced significant vasodilation of rat uterine radial arteries; 2) G1 vasodilation was significantly augmented in pregnancy, 3) as was the expression of its protein in the arterial wall; 4) GPER vasodilation, which was effectively antagonized by the G15 inhibitor, was also endothelium-dependent and mediated by the NO-cGMP pathway without BK~Ca~ channel involvement.

During pregnancy, the maternal uterine circulation both vasodilates and undergoes a process of three-dimensional expansive remodeling \[[@pone.0141997.ref027]\]. Together, these processes result in a many-fold increase in uteroplacental blood flow that is requisite for normal fetal growth and myometrial function during parturition. Estrogen, whose concentrations increase progressively in the maternal circulation throughout pregnancy, has been reported to play a role in both processes of vasodilation \[[@pone.0141997.ref001],[@pone.0141997.ref028]\] and remodeling \[[@pone.0141997.ref029]\]. In addition to ERα and ERβ, the classic nuclear estrogen receptors, a membrane G protein-coupled estrogen receptor termed GPER has recently been identified. There is increasing evidence that GPER is expressed in the cardiovascular system and may mediate some vascular estrogenic effects \[[@pone.0141997.ref030]\], although there have not been any studies to date on the uterine vasculature. The aim of this study was to evaluate the effects of GPER activation on uterine artery vascular tone, and to probe the underlying mechanisms by using the high affinity GPER-selective agonist (G1) and antagonist (G15). Neither compound shows any detectable activity towards the classical estrogen receptors \[[@pone.0141997.ref016],[@pone.0141997.ref017]\]. Our study shows a potent vasodilator effect of G1-induced GPER activation in uterine resistance (radial) arteries. A similar vasorelaxant effect has been observed in several different types of arteries (cerebral, aorta, mesenteric, coronary, internal mammary), and in different species: rat, swine, human \[[@pone.0141997.ref022]--[@pone.0141997.ref024],[@pone.0141997.ref031]\]. In human uterine arteries, there is one report of suggesting a lack of vasodilatory effect \[[@pone.0141997.ref032]\] but this may have to do with the use of U46619, a thromboxane receptor agonist, to contract the vessels since stimulus-specific effects have been reported previously; for example GPER agonists attenuated contractions to endothelin-1 but not serotonin \[[@pone.0141997.ref033]\]. Notably, we used Phe as the agonist in view of the rich adrenergic innervation of the uterine vasculature, and the fact that uterine vessels are more sensitive to catecholeamines than any other regional vascular bed \[[@pone.0141997.ref034]\]. We also found that GPER protein expression was increased significantly in uterine arteries from pregnant vs. non pregnant rats, an observation that may explain the greater magnitude of vasodilation.

G1-induced uterine artery vasodilation was endothelium dependent, and that this effect was mediated by NO since pharmacological inhibition of nitric oxide synthase virtually abolished the G1 vasodilation. Species differences may exist in this regard, however, since vessels from eNOS knockout mice were somewhat less reactive to G1 than wild type controls (data not shown), but a significant degree of relaxation nevertheless remained. This may reflect the existence of compensatory mechanism secondary to the loss of eNOS, e.g. upregulation of prostanoids or another endothelial vasodialtor. We also found that, while NO acted via the canonical cGMP pathway (based on the effectiveness of ODQ in blocking dilation), this effect did not involve BK~Ca~ channel activation. Activation of the NO-cGMP pathway following GPER stimulation was reported in several different types of arteries, e.g. mesenteric \[[@pone.0141997.ref024]\], cerebral \[[@pone.0141997.ref023]\], coronary \[[@pone.0141997.ref033]\] and carotid \[[@pone.0141997.ref020]\]. In denuded porcine coronary arteries, G1 did activate BK~Ca~ channels with consequent vasodilation that was not affected by the inhibition of nitric oxide synthase \[[@pone.0141997.ref035]\]. Thus, there may be both regional and species variations in post-receptor GPER coupling in endothelial and vascular smooth muscle cells.

In conclusion, this study is the first to show a GPER vasodilation in the uterine vasculature that is augmented in pregnancy,most likely secondary to upregulation of receptor expression, and involves endothelial NO release. Additional studies are warranted to determine whether GPER activation may offer a novel therapeutic mechanism for regulating uterine vascular tone and hemodynamics in gestational diseases associated with a reduction in uteroplacental blood flow such as preeclampsia and intrauterine growth restriction (IUGR).
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